Abstract-Energy-efficient communication techniques play great roles in applications where devices are powered by batteries. Relaying is viewed as an energy saving technique because it can reduce the transmit power by breaking one long range transmission into several short range transmissions. TwoWay Relaying Transmission (TWRT) is expected to consume less transmit power than One-Way Relaying Transmission (OWRT). In this paper, we study the Energy Efficiencies (EEs) of One-Way Decode-and-Forward (OWDF) and Two-Way Decode-and-Forward (TWDF) systems with delay constraint. The maximum EEs of both systems are derived by jointly optimizing the transmission duration and the transmit power allocation. Analytical and simulation results show the impacts of packet size, time deadline and the channel gain to EE.
subject to the SNR requirements on the two transceivers. On the other hand, in [11] , joint relay selection and power allocation scheme was proposed to minimize total transmit power under the constraint of target rate. In [12] , the EEs of TWRT, OWRT and Direct Transmission (DT) systems were compared, and the results show that TWRT consumes less energy compared to OWRT and DT. It should to noted that only the transmit power was taken into account in Energy Consumption (EC) in [9] [10] [11] [12] . However, when the power consumed by various signal processing and RF circuits in practical systems is also considered, the optimization problem which can minimize the total transmit power may not necessarily lead to high EE [13] .
The EE of DT, One-Way AF (OWAF) and two-way AF (TWAF) systems were studied in [3] , [14] , where both actual output transmit powers and circuit powers of the nodes were considered. Based on this modified power consumption model, it was shown that TWRT is not always the most energy efficient solution. Compared to AF, DF protocol can achieve higher ergodic capacity when relaying node is close to the source node [15] . Circuit Power Consumption (PC) considered SE and EE of DF system have been studied in some previous works [16] [17] [18] . Circuit PC considered SE and EE of One-Way Decode-and-Forward (OWDF) is analyzed in [16] , it was shown that the SE-EE trade off in OWDF has better performance compared to DT. EE for Two-Way Decodeand-Forward (TWDF) with relay power constraint is studied in [17] , but the idle status and the power consumption in idle status are not considered. EE comparisons for TWAF and TWDF were given in [18] without considering the idle status. Considering the quality of service requirements of actual application systems, where the data delivery must be finished within a hard time deadline, e.g., wireless multimedia communication and wireless sensor networks [5] , [19] , it is essential for delay constraint to be taken into account in EE analysis. Unfortunately, delay constraint is not considered in [16] [17] [18] . Furthermore, the EE performances of OWDF and TWDF systems were not compared in the previous work.
In this paper, we analyze the EE performances of both OWDF system and TWDF system, considering both the transmit power and the circuit power consumed by transmit-and-receive processing in each node. We consider a delay-constrained three-node relay system, where the messages at two source nodes are periodically generated and must be transmitted within a hard time deadline. From an energy saving perspective, during the relay transmission process, it is more preferable for a node to switch to idle status if it does not need to transmit or receive in some time slot. Thus, during the relay process, each node can operate in three possible states: transmission, reception and idle. For the whole relay transmission system, it is also more preferable for the system to transmit a block of data in a short duration and then switch to idle status until the next block [20] . In this paper, we maximize the EEs of OWDF and TWDF by optimizing transmission duration and transmit powers. To solve this joint optimization problem, we first express the transmit powers as functions of the two independent transmission durations, and then optimize transmission durations to minimize the EC. In the simulations, we compare the optimized EEs and optimum transmit duration of TWDF with that of OWDF, and show the impacts of packet size, time deadline and the channel gain to EE.
The remainder of this paper is organized as follows. System model and the EC model of the two transmit strategies are described in Sections II and III, respectively. Then the EEs of both strategies are optimized in Section IV. Simulation results are given in Section V. Section VI concludes the paper. 
II. SYSTEM MODEL
The general layouts of OWRT and TWRT are illustrated in Fig. 1 12 21 T t t , as shown in Fig. 2(a) . During the first half of 12 t , node 1 S transmits to R with transmit power 1 P , 1 S is in transmit mode, R is in receive mode, and 2 S is idle. Using DF strategy, R decodes the messages and create the transmit signal for the second half of 12 t . During the second half of 12 t , R forwards the recoded information to node 2 S with transmit power r P , and thus R is in transmit mode, 2 S is in receive mode, and 1 S is idle. In the duration for r t E P P P P P P t P P P P P P P P T t t P P P P P P P t
where
The achievable bidirectional data rates can be obtained from the capacity formulas for OWDF [21] , which are To guarantee successful decoding at the relay and the two terminals, according to (2) and (3), transmit powers should satisfy 1 1 1r 
In the first time slot, the received signal at relay node is
Using successive interference cancellation (SIC) strategy [22] , the relay node first compare the received SNRs of the two messages, and then decodes the message with the higher SNR treating the power of the other message as unknown interference. After that, the message with the higher SNR can be subtracted from (6) , and then the other message can be decoded with no interference. Based on the above reasons, two cases may exit:
Case 1:
. In order to guarantee successful decoding at the relay, channel capacity should satisfy:
From (7), we can get ,, r r r r r r
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In the second time slot 2 t , the received signal at
After self-interference cancellation, the end-to-end 
From (12), we can get
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IV. ENERGY EFFICIENCY OPTIMIZATION
In this section, we optimize the EEs for OWDF and TWDF. The EE is defined as the number of bits transmitted in two directions per unit of energy, i.e., 12 21 EE BB E    (14) where E is the EC per block of each strategy. EE maximization is equivalent to EC minimization for a given pair of 12 B and 21 B . Consequently, we will minimize the EC per block.
A. EE Optimization of OWDF
As shown in (3), the EC of OWDF is a function of the transmit powers as well as the transmission duration. The EC can be minimized by jointly optimizing the transmit powers and transmission time. Combining (3) and (4) 
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To solve this joint optimization problem, we first express the transmit power as functions of the 
Then the optimization problem of (12) can be simplified to an optimization problem with only two independent decision variables, which can be written as 12 
Although the optimal solution can be found through (17), it does not have a closed form. Here, we adopt a recursive method to find optimal solution [23] . The algorithm steps to find optimum 12 t are given as follows: ①define 12 t .
Taking similar steps, the optimum 21 t can also be found. Compute objective function in these points.
2) Find the extremum on the boundaries. The substitution of the boundaries into the objective function results in a simple function, so the optimal solution on the boundaries can be found in a relatively easy way.
3) Smallest value from 1) and 2) is the absolute minimum in the closed region.
If the absolute minimum is obtained from step (1) 
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Optimization problem (28) contains two optimization variables, and the constraints compose a closed region R. As the objective function is continuous in R, according to the theory of extreme values of multivariate functions, optimization problem (28) can be solved in three steps: 1) Find the stationary points and the corresponding extremum in region R.
As the objective function is derivable everywhere in the closed region, the extreme value must satisfy 
Here, we adopt the recursive method to find optimal solution. The algorithm steps to find optimum 1 t are given as follows. ① define 
t . Taking similar steps, the optimum 2 t can also be found. Compute objective function in these points.
2) Find the extremum on the boundaries of R.
A. Simulation Parameter
Simulation parameters are listed in Table I . 
Circuit power in idle mode (
The small scale fading channels are independent and identically distributed (i.i.d.) Rayleigh block fading, which remain constant during one block but are independent from one block to another. Circuit power consumption in a practical system ranges from tens to hundreds mW [4] . Therefore, we set the circuit PCs in this range in the simulations, and the power amplifier efficiency is set as 0.35 [24] , which is quite justified as the PA efficiency is generally less than 50% for wireless applications. We consider that the three nodes are located on a straight line, and the total distant is fixed to 100m, but the relay node can move from one side to another side. Fig. 3 illustrates the optimal EEs of OWDF and TWDF systems with equal and unequal bidirectional packet sizes. The x-axis is the overall number of transmitted bits in two directions normalized by the block duration and bandwidth, i.e., 12 21 ( ) / / B B T W  , which can be viewed as the average bidirectional SE per block. Based on the results, it is possible to see that OWDF achieves better EE than TWDF in low-traffic region, but in the hightraffic region, OWDF is inferior to TWDF. The impact of asymmetric packet sizes is also showed in this figure. It can be seen that the EE of OWDF reduces fast as the difference between 12 B and 21 B is increases, but the impact of asymmetric packet size to the EE of TWDF is trivial. While, in AF schemes, the asymmetric packet sizes in two directions only reduces the EE of TWRT [14] . In this case, the impact of asymmetric packet sizes to DF strategies is opposite to that of AF strategies. It is shown that, in both schemes, the optimum transmit time of the system with equal bidirectional packet sizes is shorter than that of the system with unequal bidirectional packet sizes. This is because, using DF strategy, correct decoding for high-rate bits needs more transmit power than correct decoding for low-rate bits. From this point of view, the transmission time must be increased in order to decrease the data rate in the direction with higher packet size, and then decrease the power consumption. In Fig. 5 , we present the impact of relay location difference. We compare the optimum EE of OWDF and TWDF, given different values of the distance between nodes, i.e., 12 21 dd  . We can see that, in symmetric packet sizes condition, the EE of OWDF is always higher than that of TWDF when the channel gain between the relay and one source is significantly different from the channel gain between the relay and the other source. In this case, TWDF will consume more energy than OWDF when the relay is close to one of two terminals. In Fig. 6 , we compare the minimum EC of the two strategies with equal and unequal bidirectional packet sizes. It is shown that, in symmetric distance condition, OWDF system consumes less energy than TWDF strategy in low-traffic region. While in most traffic region, TWDF strategy is more energy efficient. Which means that, in most traffic region, TWDF strategy can support higher packet sizes than OWDF strategy with the same energy consumption.
B. Simulation Results and Analysis

VI. CONCLUSION
In this paper, we study the EEs of OWDF and TWDF systems considering both the transmit power and the circuit power in each node. We obtain the maximum EEs for both OWDF and TWDF systems by minimizing the total EC, and the total EC is derived by jointly optimizing bidirectional transmission times and transmit powers. Analytical and simulation results showed that OWDF can achieve better EE performance compared to TWDF in low-traffic region, but in the high-traffic region, OWDF is inferior to TWDF. Asymmetric packet sizes will decrease the EEs of both systems, but the impact of packet size difference to the EE of TWDF is trivial. In high SE region, the optimum total transmission time will be allocated a maximum value, i.e. the time deadline T . It is also showed the EE of OWDF is always higher than that of TWDF when the channel gain between the relay and one terminal is significantly different with that between the relay and the other terminal.
